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Ectodermal appendage morphogenesis requires continuous epithelial–mesenchymal cross-talk during development. Canonical Wnt signaling
has been shown to be pivotal during this process and its inhibition leads to the absence of any morphological or molecular signs of appendage
formation, including hair follicles (HFs). In the mouse, primary HFs arise in utero starting just before E14.5, when the first morphological signs of
a placode are discernible. In this study, our goal was to identify novel factors expressed during primary HF morphogenesis. We performed
transcriptional profiling of the developing epidermis at 12 h intervals between E12.5 and E15.5. One of the significantly differentially expressed
genes was the Wnt inhibitor Dickkopf 4, Dkk4. We show that Dkk4 mRNA increases sharply in the dorso-lateral epidermis around E14 and then
decreases until E15.5. Using whole mount in situ hybridization, we show that Dkk4 mRNA is localized to the pre-placodes at sites of presumptive
epithelial–mesenchymal interactions during appendage morphogenesis, including the dental lamina, mammary gland, eccrine gland, and primary
and secondary HFs. In silico analysis, reporter gene assays as well as in vitro transfections of LEF1 and β-catenin show that Dkk4 is a potential
downstream target of canonical Wnt signaling. In addition, we demonstrate a direct physical interaction between LEF1/β-catenin complex and the
Dkk4 promoter using ChIP. We propose that Dkk4 acts in a negative feedback loop to attenuate canonical Wnt signaling, and may facilitate a
switch to the non-canonical Wnt planar cell polarity (PCP) pathway that is involved in cell movements during morphogenesis.
© 2007 Elsevier Inc. All rights reserved.Keywords: Ectodermal appendage; Hair follicle; Morphogenesis; Dickkopf 4; Wnt signaling; PlacodeIntroduction
Epithelial–mesenchymal interaction is a recurrent theme
during ectodermal appendage morphogenesis in vertebrates
(Sengel, 1976). The importance of the cross-talk between the
mesenchyme and the overlying epithelium in specifying the
appendage, its location and identity was elucidated many years
ago through tissue recombination studies (Dhouailly, 1975;Abbreviations:HF, hair follicle; Dickkopf, Dkk; Wnt, wingless-type MMTV
integration site family; PCP, planar cell polarity.
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these pioneering experiments have shown that appendage
formation follows a general molecular plan, and the identity
of an individual appendage is determined by its own unique set
of pathways (Pispa and Thesleff, 2003). A notable example of
an indispensable molecular pathway in ectodermal appendage
formation is an active canonical Wnt signaling (Andl et al.,
2002).
Canonical Wnt signaling has been shown to be required in
many ectodermal appendages (Andl et al., 2002; DasGupta and
Fuchs, 1999; van Genderen et al., 1994). A β-galactosidase
reporter driven by canonical Wnt signaling-responsive elements
is active in the early placodes and condensates of ectodermal
appendages like hair follicles (HFs) and mammary glands (Chu
et al., 2004; DasGupta and Fuchs, 1999). The same pathway is
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entiation of the HF and mammary gland (Chu et al., 2004;
DasGupta and Fuchs, 1999). Moreover, the downstream
effector of canonical Wnt signaling, Lef1, is expressed in
dental, mammary and HF placodes and its ablation results in the
impaired development of these ectodermal appendages (Pispa
and Thesleff, 2003; van Genderen et al., 1994). However, the
evidence for an absolute requirement of canonical Wnt
signaling during appendage formation is based on a transgenic
model that ectopically expresses the Wnt inhibitor Dickkopf-1
(Dkk1) placed under the control of a basal keratin promoter,
cytokeratin 14 (k14) (Andl et al., 2002). Through the inhibition
of canonical Wnt signaling, Dkk1 abrogates any morphological
or molecular signs of placode formation for many epidermal
appendages including HFs (Andl et al., 2002).
Dickkopfs (Dkks) belong to the family of secreted Wnt
inhibitors (Krupnik et al., 1999; Nusse, 2001; Zorn, 2001).
Unlike secreted frizzled related proteins (sFRP) and Wnt
inhibitory factor (WIF) which belong to this family and exert
their inhibition by binding directly to Wnt ligands, Dkks inhibit
Wnt signaling by binding to the LRP5/6 co-receptors, resulting
in their endocytosis and eventual degradation (Kawano and
Kypta, 2003; Nusse, 2001). Four Dkk family members are
known so far (Dkk1–4), however, not all Dkks inhibit canonical
Wnt signaling (Krupnik et al., 1999). Using Xenopus injection
assays, only Dkk1 and Dkk4 were found to appreciably inhibit
secondary axes formation by XWnt8 (Glinka et al., 1998;
Krupnik et al., 1999). Dkk2 is a context-dependent Wnt
inhibitor, and Dkk3 (or soggy), which shows the least homology
to other Dkks, does not appear to inhibit Wnt signaling
(Krupnik et al., 1999; Mao and Niehrs, 2003; Wu et al., 2000).
Dkk1 is the most widely studied member of this family and
exhibits the most potent Wnt inhibition (Krupnik et al., 1999).
Moreover, Dkk1 is required for head induction and limb
morphogenesis during mouse development (Mukhopadhyay et
al., 2001). To date, Dkk4 is the least well-studied and cha-
racterized member of the Dkk family of Wnt inhibitors.
The HF is a uniquely mammalian epidermal appendage that
arises in utero due to a series of epithelial–mesenchymal
interactions (Hardy, 1992). Based on tissue recombination
studies, it is believed that the first signal specifying a HF fate
arises in the mesenchyme (shortly before E14.5 embryonic days
post coitus in the mouse pelage or back skin follicles) and
instructs the overlying epithelium to form an appendage (Hardy,
1992; Sengel, 1976). The epithelium responds to this signal by
forming a local thickening (called the placode) which spreads
laterally in the same plane and thickens. The epithelium, in turn,
reciprocates the signal and instructs the underlying mesench-
yme to form a condensate that will form the anlagen of the
future mesenchymal signaling center of the HF, known as the
dermal papilla (DP). The continued cross-talk results in
invasion of the dermis by a column of epithelial cells and
formation of a mature HF that is capable of producing the hair
fiber (Hardy, 1992; Millar, 2002; Schmidt-Ullrich and Paus,
2005).
As alluded to earlier, Wnt signaling resides furthest upstream
in the hierarchy of signaling mechanisms during HF morpho-genesis and is believed to be one of the earliest signals in HF
induction (Andl et al., 2002; Millar, 2002; Schmidt-Ullrich and
Paus, 2005). Tumor necrosis factor (TNF) signaling through the
Ectodysplasin receptor (Edar) and its ligand (Eda1) has also
been shown to be essential for the formation of most HF types
(Headon and Overbeek, 1999; Laurikkala et al., 2002; Mikkola
and Thesleff, 2003). Mutations in the genes encoding the ligand
(Eda1), receptor (Edar) or adaptor (Edaradd) of this signaling
pathway lead to the failure of ectodermal appendage develop-
ment (Headon et al., 2001; Headon and Overbeek, 1999;
Mikkola and Thesleff, 2003). In addition, BMP signaling is
believed to inhibit the HF placode fate. A delicate balance
between the BMP inhibitor Noggin (expressed in the con-
densate) and Bmp2 and Bmp4 (expressed in the placode and
condensate, respectively) is important for the initial stages of
HF morphogenesis (Botchkarev et al., 1999). Shh signaling is
also indispensable during the later stages of invasion and
downgrowth of the HF epithelial peg (Chiang et al., 1999;
Schmidt-Ullrich and Paus, 2005; St-Jacques et al., 1998).
Although some of the morphogenic signaling pathways
have been elucidated during HF morphogenesis, specific
pathway members and their interactions with other pathways
are not well understood. In this study, we performed global
assessment of transcriptional changes in the epidermis around
the time of primary HF morphogenesis (E12.5–E15.5) to
identify novel factors involved in this developmental process.
Unexpectedly, we identified the Wnt inhibitor Dickkopf 4,
Dkk4, as a potential modulator of Wnt signaling in the placode
not only during the morphogenesis of the HF, but also other
ectodermal appendages.Materials and methods
Microarray analysis
Dorsal skin was dissected from C57BL/6J embryos at 12 h intervals starting
at E12.5 (12.5 days post coitus, day of plug considered 0.5 days) until E15.5, in
DMEMwith antibiotics and antimycotics (Invitrogen, Carlsbad, CA, USA). The
dissected skin was incubated in a 2:1 mixture of 2.5% trypsin (without EDTA)
(Invitrogen) and filtered 8% pancreatin (Sigma-Aldrich, St Louis, MO, USA) for
5 minutes (min) at room temperature followed by 30–40 min at 4 °C. The
epidermis was carefully and cleanly separated from the dermis, and each tissue
was resuspended and frozen in RLT buffer (Qiagen, Valencia, CA, USA). Total
RNA was isolated from the epidermal and dermal tissues using the RNeasy®
Minikit according to the manufacturer's instructions (Qiagen). Triplicate to
quadruplicate RNA samples (each biological sample often represented a single
embryo) were amplified once and labeled for hybridization on microarray chips
(MOE430A) using the Affymetrix reagents and protocols (Affymetrix Inc.,
Santa Clara, CA, USA). The data output was normalized and analyzed using
both GeneSpring GX 7.0 (Agilent Technologies Inc., Palo Alto, CA, USA) and
GeneTraffic™ (Iobion Informatics, La Jolla, CA, USA) commercial softwares
which gave comparable results. The earliest timepoint, E12.5, was set as a
baseline for comparison of subsequent stages. The p-value cutoff was set to 0.05
and the significant fold difference was considered two-fold higher or lower than
baseline.
Semi-quantitative RT-PCR validations
Reverse transcription was carried out using Oligo (dT) primer and
SuperScript™ III (Invitrogen) according to the manufacturer's instructions.
PCR was performed using PfuUltra™ Hotstart PCRMaster Mix (Stratagene, La
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Scientific, Hampton, NH, USA) in a Peltier Thermal Cycler (MJ Research,
Inc, Waltham, MA, USA). The different cDNAs from each of the timepoints
were equalized using β-actin primers as an internal control. Aliquots of each
PCR reaction were taken at 25, 30 and 35 cycles, run on a 1% agarose gel,
and photographed using a Kodak camera. The following primers were used:
β-actin (F: 5′-GTCGAAGGACTCCTATGTG-3′, R: 5′-AGTCCATCA-
CAATGCCTGTG-3), Dkk4 (F: 5′-CTGTGTGAATGATGTTTGCAC-3′, R:
5′-GTCAGAGGTTCTAAGACAGC-3′), Wnt2 (F: 5′-ACTGGCTTCACTG-
TAGCCAA-3′, R: 5′-ATAGCCTCTCCCACAACACA-3′), Ptch2 (F: 5′-
AGTGGCTGTAATTGAGACAG-3′, R: 5′-TACTTGGACTTTACTGGCAGT-3′).
Whole mount in situ hybridization
The templates for the in situ hybridization probes were amplified by PCR
from an E14 embryo cDNA stock. A full length Dkk4 cDNA was used as a
template for the probe. The PCR products were cloned into pCRII dual promoter
(T7 and SP6) vector (Invitrogen) and standard procedures were followed for the
preparation of DIG-labeled cRNA (Roche Applied Science, Indianapolis, IN,
USA) anti-sense (AS) and control sense (S) probes. The probes for Dkk1, Bmp2,
Bmp4 and β-catenin were kind gifts of Dr. Sarah Millar (University of
Pennsylvania). The probes for Gli1 and Wnt10b were kind gifts of Dr.
Alexandra L. Joyner (New York University) and Dr. Gregory M. Shackleford
(University of Southern California), respectively. In situ hybridization was
performed on different embryonic stages during epidermal morphogenesis as per
detailed published protocols (Wilkinson, 1998). The embryos were photo-
graphed using an HRCAxiocam fitted onto an SV Stemi stereomicroscope (Carl
Zeiss, Thornwood, NY, USA). The stained embryos were post-fixed in 4% PFA,
embedded in Tissue-Tek® OCT compound (Fisher Scientific), sectioned and
mounted for histological photography.
Promoter analyses and reporter gene assays
In silico analysis of the mouse Dkk4 upstream region was performed using
the VISTA website for comparative genomics (http://genome.lbl.gov/vista/
index.shtml), in addition to the AliBaba2.1 tool on the Gene-Regulation website
(http://www.gene-regulation.com/pub/programs/alibaba2/index.html%3F).
Whole Genome rVISTA tool evaluates conservation of genomes between pairs
of species (specified as mouse and humans) and pinpoints transcription factor
binding sites that are over-represented in upstream regions of genes of interest.
Subsequently, 2.5 kb, 1 kb, 0.5 kb, and 0.25 kb DNA fragments upstream of the
translation initiation site of mouse Dkk4 were cloned into the pGL3 basic
luciferase reporter vector (Promega, Madison, WI, USA). HaCaT or 293T cells
were seeded at 3×105 cells per well of a six well plate and the next day were
transfected with the appropriate plasmids at 0.5 ug/plasmid/well using
Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's recom-
mendations. The p7-LEF reporter and β-catenin and LEF1 expression plasmids
were generous gifts of Dr. Jan Kitajewski (Columbia University). A constitutive
β-galactosidase reporter was used for normalization of transfection efficiency.
The cells were lysed 48 h after transfection and the signals were assayed using
the appropriate substrates for luciferase (Steady Glo® luciferase assay system)
and β-galactosidase (Promega) on a 20/20n luminometer (Turner Biosystems,
Inc., Sunnyvale, CA, USA) for luciferase and a Model 680 microplate reader
(BioRad, Hercules, CA, USA) for β-galactosidase. The data output was
imported into the GraphPad Prism 4 software (GraphPad Software, Inc., San
Diego, CA, USA), plotted, and the error calculated as standard error of the mean
(S.E.M.).
Chromatin immunoprecipitation (ChIP)
293T cells were seeded at 6×105 per 60 mm dish and transfected 24 h later
with LEF1 and β-catenin expression vectors as described above. After 48 h, the
cells were either used for RNA extraction or ChIP assay. The RNAwas reverse
transcribed into cDNA for gene expression assessment (human DKK4 in
particular). For ChIP, the cells were fixed in 1% formaldehyde for 10 min and
the Chromatin Immunoprecipitation Kit from Upstate (Chicago, IL, USA) was
used per the manufacturer's recommendations with minor modifications. Theantibodies used for immunoprecipitation were a mouse monoclonal anti-β-
catenin antibody (sc-7963) (shown in Fig. 5E) and anti-LEF1 (sc-8591) from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) as well as a mouse
monoclonal anti-β-catenin antibody from Sigma-Aldrich (not shown). c-MYC is
a downstream target of Wnt signaling and was used as a positive control (He et
al., 1998). The following human oligo primers were used: DKK4 cDNA (F: 5′-
TCCTGGACTTCAACAACATCA-3′, R: 5′-GGTTGCATCTTCCATCGTAG-3′),
DKK4 promoter (F: 5′-TGAGCACAATTAGCTGTGAAAAC-3′, R: 5′-CACA-
CAGGCTTCAACAAATCC-3′), c-MYC promoter (F: 5′-TAACATCC-
CACGCTCTGAAC-3′, R: 5′-GCATCCTTGTCCTGTGAGTA-3′).Results
Analysis of the transcriptional program of hair follicle
morphogenesis
To identify novel factors involved in early primary HF
morphogenesis, we performed a global transcriptional profiling
experiment using Affymetrix microarray chips (MOE430A). We
hybridized three or four biological replicates of epidermis and
dermis at each timepoint between E12.5 and E15.5 to the arrays.
We used two commercially available software packages,
GeneTraffic and GeneSpring, to normalize and analyze the
differentially expressed genes between the timepoints in the
epidermis and dermis and used E12.5 as a developmental
baseline. We also utilized these programs to perform unsuper-
vised hierarchical clustering analyses of the biological replicates
to assess correlation both within and between the replicates. Both
softwares gave comparable results for clustering and differential
expression analyses, the biological replicates correlated closely
with each other (under the same branch) and the lists of
differentially expressed genes grossly matched (data not shown).
We proceeded further to categorize these genes in groups of
biological processes and/or genetic pathways based on gene
ontology (e.g. Fig. 1). In this study, we focused on the epidermal
microarray results that were relevant to the HF (Fig. 1).
The Wnt inhibitor Dickkopf 4 is markedly upregulated
during HF morphogenesis
Since the main goal of this microarray experiment was to
identify novel factors involved in HF morphogenesis, we
collected the relevant differentially expressed transcripts from
our lists (Fig. 1A). Most of these factors are members of well-
studied pathways in HF morphogenesis including Wnt, Tnf,
Bmp, and Shh pathways. The gene families include secreted
factors (e.g. Bmp2 and Fstl1), receptors (Edar, Ptch1 and
Ptch2), adaptors (Edaradd), and transcription factors (Gli1 and
Lef1) (Figs. 1A, B). Some factors start to increase or decrease as
early as E13.5 (Lef1, Edar, Bmp2, and Ptch2) while others
change at later timepoints (Ptch1 and Gli1) (Fig. 1). In addition,
some factors return to their basal levels at later timepoints (Lef1,
Edar, Edaradd, Bmp2), whereas others continue to increase or
decrease (Fstl1, Ptch1, Ptch2 and Gli1).
Interestingly, we found that Wnt2 and Dkk4 are among the
transcripts whose expression is significantly changed in the
developing epidermis. We validated the observed transcrip-
tional changes on the microarray using semi-quantitative RT-
Fig. 1. Dkk4 is highly differentially expressed during HF morphogenesis. (A) A short list of significantly changed genes during HF development between E12.5 and
E15.5. “0” indicates baseline levels (E12.5) or no change, a negative sign indicates downregulation, and the number is fold of baseline. Note the difference in
expression levels between Dkk4 (66-fold at E14) and other genes involved in HF morphogenesis (e.g. Edar and Edaradd, 3-fold at E14). (B) A line graph depicting
selected genes belonging to different pathways that show different trends of continuous upregulation (Ptch2), continuous downregulation (Wnt2), and upregulation and
followed by downregulation (Dkk4 and Bmp2) as HF development progresses. (C) Validation by semi-quantitative RT-PCR of selected genes from the microarray. The
validations recapitulate the values from the microarray (below). β-Actin is a loading control. dpc, days post coitus.
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and continued declining until the mRNA was undetectable at
E14.5. Dkk4 transcripts, on the other hand, increased sharply
at E13.5 (34-fold), peaked at E14 (66-fold), and decreased
gradually until E15.5 (7-fold). The fold changes on the
microarray were faithfully recapitulated by the RT-PCR results
(Fig. 1C).
Dkk4 is expressed in ectodermal appendage pre-placodes
We next utilized whole mount in situ hybridization to
precisely localize the expression of Dkk4 during mouse
embryonic development. At E9.5, we did not detect any Dkk4
mRNA anywhere in the embryo (data not shown). At E10.5,
Dkk4 mRNA is evident at the presumptive sites of molar
development in the maxilla and mandible (Figs. 2A, B, arrows).
Two days later at E12.5, Dkk4 appears at the prospective sites of
mammary glands and the presumptive vibrissae follicles in the
whisker pad (Figs. 2C, D, arrows and arrowhead, respectively).
At E15–E16.5, we see a transition from a punctate to a ring-
like pattern in the presumptive eccrine glands on the palmo-
plantar skin (Figs. 2E–H, arrows). These signals first appear
on the forelimb and exhibit the same pattern on the hindlimb
as development progresses (example in Fig. 2F, right). Upon
sectioning the whole mount embryos, we found that the mRNA
signal is localized exclusively to the pre-placodes of the
presumptive dental lamina (DL) field, mammary gland (MG),and eccrine gland (EG), but is excluded from the mesenchyme
(Figs. 2I–K). A sense control probe at each of the timepoints
showed no signal (data not shown, see Fig. 3G) indicating that
the observed expression was specific to Dkk4.
Dkk4 is expressed in the hair follicle pre-placode
Starting at E13.5,Dkk4mRNA appeared in the punctate sites
of developing HFs on the distal part of the whisker pad and the
ventro-lateral skin (Fig. 3A, arrow indicating vibrissae folli-
cles). The wave of expression in primary HFs spreads towards
the dorso-lateral skin at E14 (not shown) and E14.5 (Fig. 3B)
but does not reach the dorsal midline (data not shown) or the
limbs (solid white line in Fig. 3B). At E15–E16, additional
follicles showed Dkk4 expression (data not shown, Fig. 3C)
spreading over a larger area of the skin including the face (Fig.
3D), limbs (Fig. 3C, compare to Fig. 3B), and tail (Fig. 3E).
Careful inspection of E16 embryos revealed that the emerging
signals corresponded to newly forming secondary HFs (Fig. 3F,
red arrows) located between the primary HFs (Fig. 3F, black
arrows). No signal was detected using the control sense probe of
Dkk4 at all time points studied (an example of E14.5 shown in
Fig. 3G). Sections of embryos at these stages revealed that Dkk4
mRNA is exclusively expressed in the pre-placodes of
prospective HFs. The signal is usually localized to morpholo-
gically indistinguishable HF pre-placodes (Fig. 3H) and some-
times to discernible columnar HF placode cells (Fig. 3I).
Fig. 2. Dkk4 is expressed in the placodes at sites of epithelial–mesenchymal interactions during development. (A, B) Dkk4 mRNA is detected by whole mount ISH
and appears exclusively at the presumptive dental (molar field) pre-placodes (arrows on maxilla, upper, and mandible, lower; asterisk indicates the developing eye for
orientation) at E10.5. (C, D) At E12.5, Dkk4 transcripts are confined to the whisker pad pre-placode (arrowhead, C) and mammary gland pre-placodes (black arrows,
three representative placodes shown here of 5 pairs observed in different experiments). (E–H) Between E15–E16.5, presumptive eccrine gland pre-placodes also show
Dkk4 expression (arrows and arrowhead). The expression of Dkk4 in the forelimb precedes that in the hindlimb because hindlimb structures develop later (although
they show similar patterns of expression, right limb in panel F is hindlimb). The signals in the wrist region in panel F are developing HFs (see Fig. 3). Expression in the
digits (arrowhead in panel F) temporally follows that in the palmo-plantar skin proper (arrows in panel E, E15, and panel F, E16). Note the ordered ring-like expression
patterns in the fingers (arrows in panels G and H) both ventrally (G) and distally (H). (I–K) Sections from the above whole mounts reveal the localization of Dkk4
mRNA to the epithelial portion of the developing appendage. Dotted line delineates the basement membrane. DL, dental lamina; MG, mammary gland; EC, eccrine
gland. Scale bars: (G–J) 40 μm.
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esis, we next compared its expression pattern to the different
morphogenic pathways members that are known to be
expressed during this process. For instance, β-catenin is highly
expressed in the placode to facilitate the propagation of essential
canonical Wnt signals (Figs. 4A, I). Bmp2 and Bmp4 mRNAs
are concentrated in the placode (Figs. 4B, J) and the condensate
(Figs. 4C, K), respectively, to coordinate the role of Bmp
signaling in delimiting HF fate (Botchkarev et al., 1999).
Moreover, the transcription factor Gli1, an effector of Shh
signaling during the downgrowth of the hair peg, is distributed
between the placode and the condensate (Figs. 4D, L).
Interestingly, the Wnt inhibitor Dkk1 is expressed in the area
surrounding the condensate, but excluded from the condensate
itself, perhaps establishing the mesenchymal boundaries of the
HF (Figs. 4E, M; Andl et al., 2002). Of the Wnts, Wnt10b is
expressed in the HF pre-placode (Figs. 4F, N) and co-localizes
spatio-temporally (also in dental and mammary gland placodes
(Chu et al., 2004; Thesleff and Mikkola, 2002)) with Dkk4
(Figs. 4 G, H).Dkk4 is a downstream target of canonical Wnt signaling
Initially, we were surprised to find a Wnt inhibitor, Dkk4,
expressed at high levels in the HF and other ectodermal
appendages pre-placodes, given that Wnt signaling is
indispensable for ectodermal appendage development. We
postulated that Dkk4 might be acting as part of a negative
feedback loop with canonical Wnt signaling. To test this
hypothesis, we performed in silico analysis of the mouse
Dkk4 upstream region for the presence of transcription factors
binding sites using comparative genomics (see Materials and
methods). Our analysis revealed that the mouse Dkk4
upstream region (5 kb) harbors seven Lef1/Tcf1, four Tcf4,
and at least nine NFκB (in the first 2.5 kb upstream)
consensus binding sites (Fig. 5A for Lef1/Tcf1; data not
shown for NFκB). The most distal Lef1/Tcf1 consensus site
lies at −765 bp from the translation initiation site (considered
+1 at the initiating ATG) and the most proximal site is at
−282 bp (Fig. 5A). To test whether the upstream region that
includes these sites is indeed responsive to canonical Wnt
Fig. 3. Dkk4 is prominently expressed in HF pre-placodes. (A) At E13.5, Dkk4 mRNA is seen in the late-forming pre-placodes of the vibrissae follicles (distal snout,
arrow) as well as in the newly-forming primary HFs pre-placodes ventro-laterally. (B) At E14.5, Dkk4 expression spreads dorsally to all forming primary HFs with
sharp boundaries at the limb (white solid line), the tail and the dorsal midline (not shown). (C–E) By E16, Dkk4 mRNA is seen in the newly developing follicles as the
wave sweeps over the body, especially limbs (C), face (D) and tail (E). (F) At higher magnification, a clear distinction could be made between expression in primary
HFs (tylotrich, red arrows) and intermediate ones (awls, black arrows). (G) A representative in situ on E14.5 embryo using a control sense probe shows no signal,
corroborating the specificity of the antisense experimental probe. (H, I) Sections of HF primordia localizing Dkk4 mRNA exclusively to the epithelium in pre-placodes
(I) and more discernible placodes (J). Scale bars: (H, I) 40 μm.
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into a luciferase reporter vector. We found that co-transfection
of this reporter construct with LEF1 and β-catenin together
into HaCaT cells highly induced its expression (more than
1400-fold of control), while each of these factors alone had a
moderate level of induction (Fig. 5B). The level of induction
of the Dkk4 promoter reporter construct by downstream
effectors of canonical Wnt signaling in these cells was
comparable to that of a p7-LEF positive control reporter,
which also harbors seven LEF1 consensus binding sites,
indicating that Dkk4 is a potential downstream target of the
canonical Wnt signaling pathway (Fig. 5B).In order to narrow the Wnt-responsive interval of the Dkk4
upstream region and to assess which Lef1 consensus sites are
important for this responsiveness, we performed serial deletions
of the 2.5 kb upstream region into three fragments; a 1 kb
fragment that harbors all predicted seven sites; a 0.5 kb that
contains the five proximal sites; and a 0.25 kb fragment that
lacks all seven sites (Fig. 5C, bottom legend). Upon transfecting
these reporter constructs into 293T cells, we noticed that the p7-
LEF control and the 2.5 kb Dkk4 fragment reporter construct
are highly induced in these cells, albeit to a lesser degree than
HaCaT cells (compare Figs. 5B and C). The 1 kb and 0.5 kb
reporter constructs were less strongly induced than the 2.5 kb
Fig. 4. Dkk4 is among many members of morphogenic pathways expressed during HF morphogenesis. (A, I) β-catenin is highly expressed in the placode epithelium
during HF initiation and represents the Wnt pathway. (B, J) Bmp2 is also expressed in the epithelial placode and is an inhibitor of HF formation. (C, K) Bmp4 is
expressed in the condensate and complements Bmp2 action in the mesenchyme. (D, L) Gli1 is expressed in both HF primordial compartments and propagates the Shh
signal necessary for peg downgrowth. (E–H, M, N) Dkk1 is expressed around the developing HF condensate (E, M) and Dkk4 is confined to the pre-placode
epithelium (G, H); whereas Wnt10b expression coincides precisely with that of Dkk4 (F, N). Whole mount ISH was performed on E14.5–E15.5 embryos. Scale bars:
(H–N) 40 μm.
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induction above background levels (Fig. 5C). Similar trends
were also observed in HaCaT cells (data not shown).
To test if endogenous DKK4 expression is induced by
downstream effectors of Wnt signaling, we transfected LEF1
and β-catenin into 293T cells and examined DKK4 mRNA
expression 48 h later. Our results revealed that LEF1 and β-
catenin transfection highly induced endogenous DKK4 tran-
scription compared to the low basal levels as shown by RT-PCR
analysis (Fig. 5D). In addition, lithium chloride which activates
canonical Wnt signaling by inhibiting GSK3β and therefore
stabilizing β-catenin, also induced DKK4 mRNA after a 24 h
treatment of 293T cells (data not shown). Finally, to prove that
the LEF1/β-catenin complex is binding to the human DKK4
promoter, we performed ChIP analysis in 293T cells transfected
with LEF1 and β-catenin. ChIP revealed a direct physical
interaction between a LEF1/β-catenin complex and the five
proximal LEF1 binding sites of the human DKK4 upstream
region (Fig. 5E). c-MYC is a bona fide target of canonical Wntsignaling and was used as a positive control (Fig. 5E) (He et al.,
1998).
Discussion
Among the main goals of our study was to identify novel
unknown factors/morphogens involved in the cross-talk
between the mesenchyme and the epithelium that leads to the
establishment of the HF placode and the repression of HF fate in
the interfollicular epidermis. Moreover, HF morphogenesis is
incompletely understood at the molecular level, especially at the
level of regulation and interaction of the different molecular
pathways. Therefore, we embarked on a global transcriptional
profiling experiment aimed at identifying novel genes involved
in HF morphogenesis (E12.5–E15.5), focusing on the epider-
mal compartment.
From the genes presented in Fig. 1A, the Wnt inhibitor Dkk4
was not only the most highly differentially expressed at E14–
E14.5, but also one that showed interesting kinetics of
505H. Bazzi et al. / Developmental Biology 305 (2007) 498–507expression. Dkk4 transcripts in the dorso-lateral epidermis (the
region where the skin was dissected) sharply peak around E14
only to subside again by E15.5 (Fig. 1). After verifying this
trend by semi-quantitative RT-PCR (Fig. 1B), we next studied
the expression of Dkk4 during mouse embryonic development
especially around the time of HF morphogenesis, the period
during which the microarray was performed. Dkk4 mRNAwas
expressed not only in the developing HF epithelium betweenE13.5 and E16 (Fig. 3), but also in the presumptive pre-placode
of other appendages such as teeth (E10.5), mammary glands
(E12.5), and eccrine glands (E15–E16) (Fig. 2).
Since Lef1 is expressed and canonical Wnt signaling is
active at sites of epithelial–mesenchymal interaction, leading to
mammary gland and HF formation (Chu et al., 2004; DasGupta
and Fuchs, 1999; Pispa and Thesleff, 2003), we next asked what
role a canonical Wnt inhibitor, such as Dkk4, could play at the
precise sites of Wnt action. This question becomes even more
intriguing when taking into account that the K14-Dkk1
transgenic mouse also lacks morphologic as well as molecular
signs of most ectodermal appendages (Andl et al., 2002). As
mentioned earlier, Dkk1 is expressed in the mesenchyme
surrounding the condensate of the HF (Figs. 4E, M, Andl et al.,
2002) but not in the prospective HF epithelium or the dermal
condensate itself. The very early expression of Dkk1 using a
K14 promoter (∼E9.5) and its persistence throughout skin
development blocks Wnt signaling early and permanently, thus
inhibiting appendage development.
To interpret our findings, we postulated that the presence of
Dkk4 at sites of Wnt action could be a novel example of
negative feedback inhibition in the HF and other ectodermal
appendage primordia. Indeed, we found that the Dkk4 upstream
region harbors seven Lef1/Tcf1 consensus binding sites
suggesting that Dkk4 is a potential target of canonical Wnt
signaling. This analysis was experimentally validated with
reporter gene assays, RT-PCR, and ChIP analysis (Fig. 5B–E).
In this scenario, it appears that Dkk4 is transiently expressed
during the pre-placode stage of appendage formation to
attenuate canonical Wnt signaling and/or laterally inhibit the
surrounding epithelium from adopting a placode fate, similar to
the proposed action of Dkk1 in the mesenchyme (Andl et al.,
2002; Jiang et al., 2004). The ‘reaction–diffusion’ model of
lateral inhibition for pattern and boundary formation asserts that
cell fate is determined in part by competing concentrations of
activators and inhibitors, and may offer insight into the presenceFig. 5. Dkk4 is a downstream target of canonical Wnt signaling. (A) 1 kb
upstream of the Dkk4 translation initiation site (+1, at the 3′ end) showing the
potential Lef1/Tcf1 consensus binding sequences (shaded; the 3rd–6th sites
from the proximal end are also Tcf4 binding sites) and the predicted TATA-box
of the promoter (underlined). (B) Reporter gene assay in HaCaT cells using
2.5 kb upstream of Dkk4 reveals modest activation of this promoter by LEF1,
moderate activation by β-catenin, and high expression with both Wnt
downstream effectors combined. The expression level using the Dkk4 promoter
(striped bars) is comparable to a p7-LEF (checkered) reporter construct
harboring seven Lef1 consensus binding sequences in tandem and used as a
positive control for LEF1 and β-catenin activity. (C) The same reporter
constructs are also active in 293T cells and serial deletions of the Dkk4 upstream
region (1 kb, 0.5 kb, and 0.25 kb) leads to a decrease in reporter activity until it is
abolished (0.25 kb). This reflects the importance of the presence of certain Lef1
consensus binding sites (shown as filled rectangles next to the legend on the
bottom). (D) Endogenous DKK4 expression is upregulated upon transfection of
293T cells with LEF1 and β-catenin. (E) ChIP analysis in 293T cells (treated as
in panel D) shows that the occupancy of the DKK4 promoter region (between
0.5 kb and 0.25 kb, with five Lef1 consensus binding sites) with a β-catenin
containing complex similar to a c-MYC positive control. The reporter gene
assays are representatives of at least two independent experiments. Error bars:
standard error of the mean (S.E.M.).
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2004; Jung et al., 1998; Maini et al., 2006; Nagorcka and
Mooney, 1985; Sick et al., 2006).
Negative feedback regulation of Wnt signaling involving
Dkks has been suggested by other studies (Boerboom et al.,
2006; Diep et al., 2004; Gonzalez-Sancho et al., 2005; Wirths et
al., 2003). For example, Dkk4 was among the over-expressed
genes by granulosa cell tumors expressing a dominant stable
mutant β-catenin (Boerboom et al., 2006). Dkk1 is over-
expressed in hepatoblastomas and Wilms' tumors that show
activated Wnt signaling (Wirths et al., 2003). Dkk1 and Dkk4
were among Wnt signaling negative effectors whose expression
was upregulated by conditionally activating Wnt signaling in
the developing mouse forebrain (Diep et al., 2004). Finally,
Dkk1 has been shown to be a downstream target of canonical,
but not non-canonical, Wnt signaling in vitro (Gonzalez-Sancho
et al., 2005).
In addition to Lef1/Tcf1 sites, in silico analysis of the Dkk4
promoter also identified at least nine putative NFκB binding
sites (data not shown). NFκB has been shown to mediate the
downstream effects of Eda–Edar signaling which is essential in
ectodermal appendage morphogenesis (Mou et al., 2006;
Schmidt-Ullrich et al., 2001, 2006). The presence of NFκB
sites in the upstream region of Dkk4 supports a recently
published expression profiling report between wild type and
Eda mutants suggesting that Dkk4 is also a potential down-
stream target gene of Eda–Edar signaling (Cui et al., 2006), and
thus placing Dkk4 at the intersection of two key pathways in
ectodermal appendage development.
We propose a model in which canonical Wnt signaling
(possibly Wnt10b) transiently upregulates the expression of
Dkk4 in the pre-placode. One possibility is that Dkk4 acts via a
lateral inhibition mechanism with Wnts, as well as other
activators and inhibitors of HF fate, to determine the pattern of
HFs in the epidermal field. Another possibility, which is not
mutually exclusive with the first possibility, is that Dkk4
promotes a switch from canonical to non-canonical Wnt
signaling, possibly through Wnt5a which is expressed in the
dermis at this stage (Reddy et al., 2001). Non-canonical Wnt
signaling, also known as the planar cell polarity pathway (PCP),
is responsible for cytoskeletal rearrangement and cell move-
ments during development (Fanto and McNeill, 2004), and
could be facilitating the downgrowth of the hair peg when the
epithelium invades the dermis in the later stages of HF
morphogenesis.
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